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Complexes with macrocyclic polyethers attract the earnest attention of researchers on account of the unusual chemical properties both of the free crown ethers themselves and of coordinated ones, and their introduction into a polymer molecule is undoubtedly of interest. In particular, the introduction of a complex of copper (II) with a crown ether into the crosslink of polyurethane showed that the effective crosslink density in the polyurethane changes on account of the presence of the bulky macrocycle in the crosslink. The copper (II) is mainly coordinated with oxygen atoms of the crown ether, leading to the formation of stable complexes [1] .
Information about complex compounds of Re(V) and Mo(V) with macrocyclic ligands, their synthesis, structure and properties, is given in the literature [2] [3] [4] . Structural formulae have been established for compounds of cis-1-oxo-trichloro-bis-diaza-18-crown-6-molybdenum (V) of composition cis-1-[MoD 2 Cl 2 ], where D is diaza-18-crown-6, and oxotetrachloro(aqua)rhenate (V) of hydroxonium-18-crown-6 of composition H 3 O[ReO(H 2 O)Cl 4 ]•E, where E is 18-crown-6. In our opinion the most interesting piece of information about these unique compounds is their complexing process, which takes place according to reactions 1-4, given below.
The authors of [3] established that only one of the two NH groups within the composition of diaza-18-crown-6 takes part in formation of the coordination linkage with molybdenum. There is no coordination linkage between molybdenum and the oxygen atoms of the OCH 2 configurations of the coordination sphere are possible: trans, cis-1, cis-2 [3] .
On the basis of the local symmetry of the metal-ligand bonds and group theoretical analysis [5] , three stretching vibrations of ν(Mo-Cl) should be active in the spectra of the trans-and cis-1-isomers, and two in the spectrum of the cis-2-isomer. [2] .
In the present work an attempt has been made to investigate the influence of the nature of the crosslinkcomplexes of rhenium (V) and molybdenum (V) with macrocyclic ligands: 18-crown-6 and diaza-18-crown-6 (respectively) on the processes of structurisation of a multicomponent system -an epoxypolyurethane binder resin.
The type VSO-200 binder investigated is a mixture of components of two epoxy resins of grades ED-20 and ETF, dicyandiamide and N,N'-dimethylcarbamidediphenylmethane (hardener 9) in alcohol-acetone solvent. The binder was produced in accordance with standard specifications [6] . Then microadditions of complex compounds of Re(V) and Mo(V), dissolved in 3 ml DMF, were introduced, and the mixture was stirred at a temperature of 60°C for 10 minutes. The quantity of the additions was 0.01 wt.% of the weight of binder.
A combination of methods was employed for investigating the kinetics of curing of the compositions and prepregs based on them: nondestructive electrophysical monitoring [7] -using a type E-7-8 universal measuring instrument operating at a frequency of 10 3 Hz (choosing electrical conductivity (G) and tangent of the dielectric loss angle (tan δ) as the measured parameters); gel-sol analysis (the samples were extracted in alcohol-acetone mixture in Soxhlet apparatus for 36 hours); IR spectrum analysis using a Specord IR-75 instrument (samples for recording IR spectra in the range 4000-400 cm -1 were prepared in the form of films on a KBr tablet); viscosimetry using a VPZh-1 viscosimeter, by means of which we determined the temperature range of transition of the compositions from the plastic state to a gel-like state, which was 65-67°C for all the compositions. A gel point of 67°C was chosen for the experiments.
The samples of prepregs for gel-sol analysis were prepared in the following way: T-13 glass cloth was impregnated with a solution of the binder (compositions with and without addition of the complexes), and samples with the dimensions 20 x 20 mm were prepared from it. When ready, the samples were hung in a stove together with the samples for recording the IR spectra and a control sample in a measuring cell for nondestructive monitoring of the curing process.
Series of samples of liquid compositions and prepregs were cured at a heating rate of 2.5 deg/min up to 125°C with holding at that temperature for one hour. Samples of the compositions and prepregs based on them, for IR spectroscopy and gel-sol analysis, were taken at different stages according to the values of electrical conductivity at control points corresponding to: the initial value of electrical conductivity (G init. ), the gel point (G gel ), the maximum value of electrical conductivity (G max ) and the points G I -G IV , corresponding to a decrease in electrical conductivity by the order of the values from G max (where G I -G IV is the order of the values). Assessment of the completeness of cure of the material was based on attainment of constant values of G and tan δ by the system [7] .
Preliminary studies of the kinetics of curing of VSO-200 binder by IR spectroscopy, and analysis of relevant data in the literature, showed that during curing of the multicomponent system, the components interact in accordance with the following reactions 5-13. Moreover, reaction of N,N'-dimethylcarbamidediphenylmethane (hardener 9) with the epoxy resin in reaction (5) takes place with formation of an intermediate -a tertiary amino-alcohol, which decomposes in these conditions with evolution of secondary amines (6) and isocyanates (7) [8] . With additional heat treatment at 150-180°C, according to [9] , formation of oxazolidone rings (8) is possible. The diamines catalyse the curing of epoxy resins in accordance with the well-known reaction (9) [10] . The isocyanate that is evolved performs the role of crosslinking agent during formation of epoxyurethane (10) . In addition, trimerisation of the isocyanate takes place, with formation of the isocyanurate ring (11) [11] . The second hardener of the system -dicyandiamidealso reacts with the epoxy resin in accordance with reaction (12) . Furthermore, the presence of a hydroxylcontaining admixture in the system, in the presence of dicyandiamide, according to [12] , promotes a catalytic course of the crosslinking process according to reaction (13) . Moreover, analysis of the IR spectra of the samples showed that, in parallel with the main process of curing of the composition, there is an inherent process of dissociation of the self-associates that formed originally on account of VVS and VMV [?], as well as intermolecular interactions in the multicomponent system. With heating in stages and removal of excess moisture, acetone and alcohol from the mixture, dissociation of the associates takes place during thermal diffusion. On interaction of the hardeners with the resins there is formation of new compounds in accordance with the main crosslinking process, and new secondary hydroxyl and carbonyl groups are formed. New self-associates form from these new groups, and in the newly formed polymer, upon heating, there is development of a completely new arrangement and "packing" of the newly formed multicomponent system, as a result of which there is formation of new associates with the same set and with a new set of donor-acceptor groups (OH, NH, C=O groups etc.) in the new setting. Fixation of the newly formed associates occurs on cooling to room temperature. The IR spectrum of the cured binder is shown as curve 1 in Figure 1 .
Curve 2 (Figure 1) is the IR spectrum of a sample from a composition modified with a complex of Re(V) with the polymacrocycle 18-crown-6(E), in the curing stage at point G IV . The spectrum includes a set of absorption bands of the stretching vibrations that are characteristic both of the initial binder in the cured state, and of the Re(V) complex.
By comparing curves 1-8 (Figure 2) , with step-by-step curing, we can follow the variation in the spectrum of the composition with addition of the Re(V) complex, in general and in characteristic regions.
The region of vibrations ν(NH) is a strong, broad peak at 3320-3330 cm -1 . Its outline changes, becoming broader, with decrease in intensity by 15-20%. A shoulder is observed at 3153 cm -1 in the IR spectrum of the uncured composition (Figure 2 , curve 1), whereas in the cured composition the absorption band n NH (coordinated) of the addition is not characterised by a shoulder (curve 8). A more complex set of ν NH bands develops, constituting a new band whose vertex (∆ν NH = 33 cm -1 ) is shifted to higher frequencies, and it has broadened to 3600 cm -1 . That is, a new set of associates has formed in the composition on NH...N linkages. The band ν CH 2980 cm -1 remains central in the spectra as a control in all the stages and provides a means of judging the change in intensities of the other bands. In the region of the carbonyl groups we observe an obvious variation from one spectrum to the next. Curve 1 in this region has the form of a strong, broad peak with vertex at 1593 cm -1 (a medium shoulder at 1620 cm -1 and (11) isocyanurate ring (12) dicyandiamide second hardener fragment of molecule of epoxy resin (13) where HOR" is a hydroxyl-containing admixture ), which is characteristic of the set ν NH ... ν C=O of the starting composition. The peak has a halfwidth of ~300-250 cm -1 . During curing of the samples the IR spectra display characteristic changes, such as occur for the strong, broad peak in the region of the carbonyl groups: the set of vibrations changes, the band becomes narrower and even curve 8 has a narrowed peak with halfwidth of 100-150 cm -1 , with another set of resolved vertices (cm -1 ): 1750, 1680, 1623, 1600, 1543. This is caused by the fundamental transformations that the composition has undergone, including interactions of ν C=O with the complex compound. Changes also occurred in the region 567-552 cm -1 during curing: this is the bending band of the C-C angle of the vibrations. On mixing with the complex, the vertex of the central band at 527 cm -1 (curve 1) is also observed at the gel point at 547 cm -1 (curve 3) and at 520 planar (cm . These transformations of the peak of the bending vibrations of the angles of the C-C chain and superposition of the vibrations of the linkages ν Re-O , ν Re-N of the complex are evidence of the shifts that occurred in the composition with the rhenium (V) complex. Since the spectrum of the composition is overloaded with skeleton vibrations of bending of the angles of the chain and out-ofplane C-H vibrations, it is extremely difficult to identify the vibrations of the n Re-N absorption band; and only successive, systematic comparison of the spectra of the free ligand (E), then of the coordinated (E) in the complex [4] and the complex itself, added to VSO-200 (Figure 2, curve 8) , made it possible to identify the ν Re-O vibrations at 493 cm -1 , and assign the shoulder at 470 cm -1 on account of the formation of a linkage Re-N with donor reaction centres of the composition (reactions 14-21).
Since the complexes of rhenium and molybdenum are mild acids, they display greater affinity for the nitrogen atom than for the oxygen atom. There is therefore interaction with components where donor properties are displayed by nitrogen atoms. The ligand in the Re(V) complex has an unstable linkage to the coordination sphere: on interaction with components of the binder, reactions may proceed in two directionseither the crown ether is inserted into the coordination sphere (reaction 14), or it is ejected from it (reaction 18). In the first case the course of the reaction appears to be affected by the temperature of mixing (60°C) of the initial binder with the complex compound. There is formation of oxo-rhenium(V)-(aqua)-18-crown-6-chloride (compound B, reaction 14), with splitting-off of a hydroxonium ion (in the IR spectrum of the composition in the liquid state (Figure 2, curve 1) , the band relating to the hydroxonium ion (3453 cm -1 , 3420 cm -1 ) is absent). Apparently the oxo(18-c6)aqua-rhenium(V)chloride complex interacts with the active nitrogen atom of hardener 9 on account of the aqua group, which has an unstable linkage to the rhenium and can easily be replaced by another ligand (active group) (reaction 14). In addition, the intermediate (E), obtained as a result of reaction 17, can probably interact with the amines that are evolved according to reaction (18). Then the 18-crown-6 may be ejected from the coordination sphere by secondary amines (reaction 18). In this case not only the complex, but also the crown ether itself may participate in crosslinking of the polymer.
It appears in this case that the complex is the centre, around which all the chemical processes take place (reactions 15-21). Therefore in the initial stage it delays the crosslinking process: the degree of gel of the modified composition at point G max is 1.4 times less than for VSO-200 ( Table 1) . Another possible cause of inhibition of the curing process is formation of self-associates.
(19) (20) (21) As for the complex of molybdenum (V) with cis-1 configuration (compound A), it appears that under the action of hardener 9 and temperature, there is formation of a new compound based on the cis-2-isomer of oxomolybdenum-bis(diaza-18-crown-6)-trichloride (compound B, reaction 22), because the active group of the nitrogen of the hardener is bidentate and isomerisation of the complex can occur. Formation of the transconfiguration is impossible under these conditions, since the temperature effect of the conditions from 20 to 125°C is insufficient for trans-isomerisation, which takes place at 140-180°C [3] . In this case, in reaction (22) the hardener of the composition is included in the complex. In contrast to the rhenium complex, the ligand in the molybdenum complex is preserved and takes part in further processes, and the reactions that occur do so as a result of substitution of chloride groups with other donor groups (reactions 22-26). Thus, during curing of compositions with additions of Re(V) and Mo(V) complexes there is formation of new polymers with a new arrangement and packing of a newly formed multicomponent system. 4 ]E, throughout curing, is less than for composites without additions, and this effect is more pronounced (see Table 1 ) in the case of the composite with the Re(V) complex. This can be explained by steric factors, caused by the presence of the complex compound in the crosslinks, and in the case of the composite with the Re(V) complex, additionally the voluminous macrocycle itself [1] , which was ejected from the sphere of the complex during curing. Furthermore, inhibition of network formation in the deep stages of curing may be caused by disturbance of the kinetically favourable order established in the associates, which is characteristic of epoxy systems [13] .
